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UO2 beads from the sol supported precipitation method were calcined at a low temperature in order to obtain porous micro-beads, composed of
nanometric particles. The sintering behaviour of the beads in spark plasma sintering was investigated. The powder had a good sinterability and
the ﬁnal grain size of the pellets could be tailored by varying the processing conditions, in order to resemble the microstructure of the traditionally
fabricated UO2 pellets (i.e. grains of several mm size), or to achieve sub-micrometre size as observed in the high burnup structure. Dense UO2
pellets with a grain size as small as 300 nm were obtained by sintering at 835 1C without dwell time, whereas 3 mm grained pellets were obtained
at 1000 1C and a 5 min dwell time.
& 2016 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY-NC-ND license
(http://creativecommons.org/licenses/by-nc-nd/4.0/).
Keywords: UO2; Spark plasma sintering; SPS; Sol gel; Nanocrystalline; High burnup structure; HBS1. Introduction
Recent studies are beginning to disclose the potential of ﬁeld
assisted sintering technologies (FAST) in the domain of
nuclear reactor fuel safety research [1–5]. The literature
published in the last two years clearly shows the possibilities
to create functional microstructures that were unconceivable up
to only few years ago. For example, the spark plasma sintering
(SPS) technique was employed to densify UO2-diamond [6],
UO2-carbon nanotubes [7] or UO2–SiC [8] composites with
high thermal conductivity, fully dense uranium nitride [9] and
dense UO2 pellets with volatile ﬁssion product simulants (CsI)
[10]. SPS enables rapid and low temperature consolidation to
obtain materials with unique properties [11–14]. The starting
powder is placed in an electrically conductive die. Two
plungers apply a pressure and a high intensity pulsed DC
current is passed through the die-powder assembly. The
sample is thus rapidly heated up to temperatures where
diffusional mass transport is appreciable. The combination of10.1016/j.ceramint.2015.12.172
16 The Authors. Published by Elsevier Ltd. This is an open acces
mmons.org/licenses/by-nc-nd/4.0/).
g author.
ss: marco.cologna@ec.europa.eu (M. Cologna).pressure, rapid heating and (depending upon material) activat-
ing effect of electric ﬁeld, allows the preparation of small
quantities of materials at only a fraction of time and most
importantly at signiﬁcantly lower temperatures compared to
traditional sintering.
A unique feature of SPS is the possibility to consolidate
nanopowders into dense polycrystalline materials with reduced
grain growth, achieving microstructures with grain sizes in the
submicrometer and nanometre range. This feature is of
particular signiﬁcance in the nuclear materials ﬁeld, for at
least two reasons: (i) nuclear fuels at high burn ups and low
irradiation temperature restructure into a porous nanocrystal-
line solid, often called the "high burnup structure" (HBS) [15],
and (ii) nanocrystalline ceramics typically exhibit a higher
radiation tolerance due to the high density of grain boundaries
[16,17]. Such materials serve as a unique starting point for
further studies on nuclear fuel safety.
Commercially available UO2 powder can be used in SPS to
produce high density pellets with grains as low as 1 mm, at
sintering temperature as low as 750 1C [3,10]. Although this
grain size is smaller than conventional fresh reactor fuel, it is
still not representative of the size of the fuel grains in the HBS,s article under the CC BY-NC-ND license
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pressurised pores. Recent studies have dealt with the synthesis
of actinide oxide nanoparticles [18–23], but the conversion of
urania nanopowders into a dense nanocrystalline form has not
been reported so far. Yang et al. [24] reported the fabrication
of submicrometer grained pellets by a process involving two
steps ball milling and conventional sintering at 1250 1C,
however the porosity was still high and the microstructure
not fully sintered.
The gel supported precipitation method, often referred to as
‘‘external gelation’’ or also "sol–gel technique" [25,26], can be
used to synthesise actinide oxide micro-beads and transmuta-
tion fuels and targets. It yields porous beads with sizes in the
order of 100 mm that can be subsequently pressed into pellets
and sintered at temperatures in the 1600–1700 1C range. One
of the advantages of the method is the virtually dust free
processing reducing radiation hazard, whereas, on the down-
side, poor sinterability of the large beads can lead to the so
called "blackberry structure" [27,28]. The aim of this work is
to investigate the sintering behaviour of sol–gel UO2 beads
by SPS.
2. Experimental
Uranium dioxide beads were prepared by the JRC's sol gel
method. Details on the preparation can be found elsewhere
[25,26]. In brief, the feed solution was prepared from an uranyl
nitrate solution; following the addition of surfactants and
organic thickeners – Methocel (Dow Chemicals, 4AC), tetra-
hydrofurfuryl alcohol (Fluka Analytical, ⩾98.0%), and Triton
X-100 (Merk), the solution was dispersed into droplets by a
rotating cup atomizer. The droplets were collected in an
ammonia bath, where precipitation and gelation occurs to
form the hydroxide. After ageing, the resulting beads were
washed with distilled water and dried using an azeotropic
distillation procedure with tetrachloroethylene. The spheres
have a polydisperse size distribution. The beads were calcined
in Ar/H2 atmosphere for 4 h at 600 1C with a heating rate of
200 1C/h, to complete the conversion of the hydroxide to give
porous oxide beads.
The typical calcination temperature for the UO2 sol–gel
beads is above 800 1C. Recent work, however, has shown that
in case of powders made by the oxalate precipitation route, aFig. 1. a, b. Scanning electron miclow calcination temperature yields nanocrystalline UO2 pow-
ders [23]. In the present study the calcination temperature of
the sol–gel beads was thus limited to 600 1C, with the aim of
reducing the size of the particles which compose the beads.
Although not produced according to a classical sol–gel
method, here they will be simply referred as "sol gel" derived
beads, for simplicity and consistency with the published
literature on this topic.
For comparison a conventional UO2 powder prepared using
the the ammonium diuranate (ADU) method was used, with an
O/U ratio of 2.12 and grain size about 0.2 μm, with secondary
agglomerates of about 10 μm [10]. Sintering was conducted in
a SPS (FCT Systeme GmbH, Rauenstein, Germany),
implanted in a glovebox for transuranic elements [5]. The
glovebox and the SPS chamber were kept under an Ar
atmosphere. The powders were sintered directly in 6 mm
diameter graphite dies, without the use of any graphite
separation paper. About 300 mg UO2 powder was used at
each time. The height of the dies before and after ﬁlling with
powder and manually vibrating was measured with a caliper in
order to evaluate the initial green density.
The dies with powder were prepressed to 18 MPa in a
manual press before loading into the SPS. The heating and
cooling rate were 200 1C/min and pressures of 70 or 100 MPa
were applied constantly from room temperature. The average
grain size of the sintered samples was estimated with the line
intercept method without a correction factor on fresh fracture
surfaces from scanning electron microscopy (SEM) images.
XRD patterns were measured on a D8 Advance Brucker
diffractometer with a Bragg–Brentano (θ/2θ) geometry and
equipped with a Kα1 monochromator and a Lynxeye detector.
Measurements were recorded in the 2θ range of 101 to 1201,
with steps of 0.0131. After Rietveld reﬁnement, the O/U in
UO2þ x was determined from the shift in the lattice parameter
[29].
3. Results and discussion
Fig. 1 shows the morphology of the sol gel produced UO2
beads after calcination at 600 1C. The shape is irregular and the
bead size is in the order of 10–100 μm (Fig. 1a). A closer
inspection of the beads (Fig. 1b) reveals a very ﬁne micro-
structure; the low temperature calcination of the sol gel beadsroscopy of the sol gel powder.
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size well below 100 nm. The green density after ﬁlling the die
was only 15% of the theoretical density and is a direct
consequence of the irregular shape of the agglomerates and
of their high porosity. The crystallite size, as calculated from
the broadening of the peaks of the XRD pattern after Rietveld
reﬁnement, was 50 nm.
The sintering behaviour of the beads up to 1600 1C in SPS
is shown in Fig. 2. The displacement of the upper piston of the
SPS in Fig. 2 is a direct measure of the densiﬁcation of the
pellet (an increase in displacement in the ordinate represents a
contraction of the system and a decrease of the displacement
an expansion). In the ﬁrst step, at room temperature, the
pressure is increased from 18 MPa to 70 MPa, resulting in
an increase of density of the powder compact; once the set
pressure of 70 MPa is reached, the sample is heated at 200 1C/
min. The onset of sintering occurs at very low temperature
(450 1C); the sintering rate shows a maximum at 680 1C
and rapidly decreases to zero at 900 1C, where the pellet is
already close to full density. At higher temperature the
displacement rate of the piston becomes negative because of0 200 400 600 800 1000 1200 1400 1600 1800
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Fig. 2. SPS piston displacement as a function of temperature for sol gel
UO2 beads.
Fig. 3. a, b. Fractvure surface of UO2 pellets; the maximum sintering tethe thermal expansion of the system (sample and pistons),
which is no longer compensated by further sintering shrinkage.
At 1600 1C, after a dwell time of 5 minutes, the pressure is
released and the system is cooled, resulting in further
shrinkage of the die/sample assembly. The temperature for
the onset of sintering of the sol gel powder in SPS (450 1C) is
lower than the 600 1C observed in recent experiments with
conventional urania powder with the same processing condi-
tions [10]. The very high sinterability is most likely due to the
nanometric nature of the starting powder within the
larger beads.
Since most of the densiﬁcation happens below 1000 1C,
further tests were performed with the same sintering schedule
but with a maximum hold temperature of 1000 1C for 5 min.
The fracture surfaces of two pellets sintered at 1000 1C and
1600 1C are shown in Fig. 3. Both pellets had a relative density
of about 0.97, as evaluated from the geometry. The low
porosity observed in the microstructure conﬁrms the high
density achieved. The grain size of the pellet sintered at
1000 1C can be easily evaluated as the fracture was inter-
granular, and is about 3 mm, whereas the grain size of the pellet
sintered at 1600 1C cannot be determined with precision, as the
fracture was largely intragranular; it is clearly larger, however,
resembling the microstructure of a conventionally processed
UO2 pellet.
Ge et al. [3], in a study on SPS of commercial UO2 powder,
observed crumbling of pellets when the sintering temperature
was higher than 1400 1C, and attributed it to excessive thermal
expansion and potential chemical reactions between the
graphite dies and the powder. Also in the present case with
of sol–gel derived UO2 powder, the pellets sintered at 1600 1C
had a tendency to crumble, whereas limiting the temperature at
lower values yielded intact pellets.
The conventional processing route for pelletisation of sol–
gel derived beads, i.e. cold pressing and pressureless sintering,
may result in a low density microstructure, often referred to as
the "blackberry structure", where the microspheres retain their
individual identity after sintering even after compaction at high
pressure [27,28]. Although the applied pressure in SPS is
much lower than the typical pressure during cold compactionmperature is 1000 1C (a) and 1600 1C (b) and the hold time 5 min.
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observed in the present case. The continuous application of
pressure achieved in the SPS at temperatures at which sintering
and creep are activated, contributes thus to the closure of the
large porosity between the sol gel beads, before grain growth
within is initiated.
In order to minimise the growth of the grain during
densiﬁcation, a rapid heating/cooling process without dwell
time at the maximum temperature was tested. The pressure was
increased to 100 MPa (maximum value allowed by the fracture
strength of the graphite die and pistons), being well known that
the higher the pressure, the lower are the sintering temperature
and concomitantly the grain growth rate [30]. Two types of
powders were sintered according to this procedure, the sol–gel
powder and the conventional ADU powder as reference. In
each case the heating ramp was interrupted when the sintering
rate was observed to approach zero (at 835 1C and 862 1C,
respectively, Fig. 4), and the samples were rapidly cooled by
releasing gradually the pressure. The better sinterability of the
sol–gel powder compared to the ADU powder is evident from
the displacement of the SPS piston (see Fig. 4); the onset of
sintering appear at about 400 1C and 510 1C, respectively (noteFig. 4. SPS piston displacement as a function of time sol gel UO2 beads and
conventional ADU UO2. The displacement at room temperature between 1 and
2 min is due to the pressure being increased from 18 to 100 MPa.
Fig. 5. a, b. Fracture surface of UO2 pellets from sol gel (a) and conventional pthat when 70 MPa were applied, the onset was observed at
450 1C and 600 1C, respectively). The total displacement of
the piston for the sol–gel powder is higher than for conven-
tional powder as the green density of the latter is higher (15%
and 27%, respectively).
The displacement of the piston indicates compaction of the
sol–gel powder even in the lower temperature range (To400 1
C); the reason is not clear: it may be a sign beginning of necking
and sintering of the primary particles, or only rearrangement and
crushing of the beads under pressure, possibly helped by the
removal of moisture adsorbed on the surface.
The microstructure of the two samples is shown in Fig. 5.
Both fracture surfaces reveal a very dense and ﬁne microstruc-
ture with submicrometer grains; the sol–gel UO2 pellet has a
grain size of approximately 300 nm (an increase of only 6 times
from the original crystallite size) while the pellet from the
conventional UO2 powder has a grain size of about 700 nm.
The XRD analyses showed that the starting sol–gel UO2þx
powder is composed of single face-centred cubic phase with
lattice parameter a¼5.4437 and O/M of 2.20. During SPS
processing at high temperatures (1600 1C) the powder was
reduced fully to O/M of 2.00, similar as reported [3,10]. Pellets
sintered at temperatures of 1000 1C or below show higher
oxidation states, indicating that a temperature of 1000 1C is not
sufﬁcient to completely reduce the pellets, as also reported
previously [3,10]. In this case a post heat treatment in a
reducing gas at moderate temperatures (e.g. Ar/H2) would be
needed to adjust the stoichiometry to 2.00.
The small grain size of the sol–gel derived pellet processed
at 832 1C is representative of the size of the restructured fuel
grains in the rim of an irradiated pellet at high burnups. An
important difference is the absence of porosity in the present
case. Dense UO2 samples with submicrometer grains, as
reported here, will permit the deconvolution of the effect of
the grain size on fuel physical properties from other variables
that affect the properties of spent fuel, such as porosity and
ﬁssion products.
By further optimising the sintering steps or by further
increasing the pressure with W or SiC dies, [30,31], or by
starting from nanoparticle of even smaller initial size [23], theowder (b); the maximum sintering temperature is 835 1C (a) and 862 1C (b).
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may also be included in the microstructure by the use of
suitable pore formers, as reported by Spino et al. [15] but the
present process would possibly need to be adapted since the
pressure applied during spark plasma sintering might tend to
ﬂatten the pores.
4. Conclusions
Sol gel derived UO2 beads calcined at low temperature
(600 1C) yields porous beads with a size of several tens of
micrometres, composed of smaller particles, with a crystallite
size of 50 nm. The beads can be consolidated directly with the
spark plasma sintering technique into dense and homogenous
pellets, with no sign of the so called blackberry structure.
The grain size can be easily tailored by varying the
processing conditions, in order to resemble the microstructure
of the traditionally prepared UO2 pellets (i.e. grains of several
mm size), or to resemble the submicrometer size of the grain of
the high burnup structure, without its porosity.
In the present study, dense UO2 pellets with a grain size as
small as 300 nm were prepared for further investigation of the
safety of nuclear fuels with grains in this size range.
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